Thank you for your time and attention to our article. Here we attach the revised manuscript, including a set of diffs from the initial version. All point-by-point responses to the reviews are also attached, but these are simply copies of the individual responses provided in the open discussion phase, as we have closely followed the plan that we laid out for manuscript modifications. Notable deviations from this and/or changes of our own making are as follows:
HESSD

Interactive comment
Printer-friendly version Discussion paper time stamp typically requires <0.3 s of awake-state power consumption. If the ALog is already awake (e.g., during RTC-driven data logging) when an event occurs, the ALog firmware records the time of the event to its file and then continues the remainder of its ongoing task."
5. Not having a clear cost breakdown is a major omission on our part! We have updated our bills of materials and will add in a table in which we specify components, PCB, and labor costs for different quantities.
HESSD
Interactive comment
Printer-friendly version Discussion paper to many environmental scientists. The article summarizes the substantial development that has gone into the data logger development over many years, and provides detailed background information. The article also includes supplemental material and codes provided online. This helps to make the data logger accessible to the science (and general public) community. The article is well written and well organized throughout, with clear descriptions of the technology. I only have a few minor questions, mostly regarding field deployment, and minor comments that should be addressed. Apart from these, I recommend this article for publication.
Thank you.
Specific Comments: 1) Please also discuss some of the challenges that you have faced with the ALog data logger in the field, and that a potential user of this data logger may encounter and should be aware of. You mention several field experiments with ALog data loggers in adverse conditions. How long were the data loggers actually in the field, how robust were they found to be? What field issues did you encounter that were specific to the ALog? Were you able to remidify these in the next iterations? I realize the ALogs have been developed over a long period, but a few more examples would be helpful to a potential user of the technology.
We will add a sentence stating, "Field deployments ranged from a few days to three years.". Furthermore, we will add a full paragraph on field deployments to demonstrate how we have developed in response to challenges/failures.
2) For instance, did you encounter clock drift? It is referred to a really low clock drift value in the article, but was this value based on 'theoretical lab experiments', or tested in the field?
We encountered minimal clock drift in the field, and insofar as we were able to tell, the
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HESSD
Interactive comment
Printer-friendly version Discussion paper clock remained in spec. Because this was not tested by us rigorously (i.e., these are just our casual observations) and the reported drift is simply the data-sheet-provided value for the full temperature range, we do not wish to comment very extensively on its accuracy. However, this is a very common component from a reputable manufacturer.
3) The low power use is impressive. Was this value also experienced in the field? I.e., one data logger actually ran for ∼2 years on three AA batteries? Or is this a theoretical value based on consumption? Also, what kind of sleep-awake cycling is typically used? A 1 second per minute interval is mentioned, was that typically used? It probably depends on sensor and application, but some examples would be good.
We have run loggers in the field for >1 year on alkaline batteries (typically D), but we try not to let the batteries die completely! We will add text to clarify that these are calculations extrapolated from lab measurements with partial field validation. Towards the question about the sleep cycle, we will add a sentence in the paper stating, "In our field deployments, we typically recorded data once every ten minutes, further increasing battery life." 4) In line with the above questions, please also include some more information on how the data loggers were installed in the field. What kind of encasing have you found to work well with these data loggers? Do you typically use batteries or solar panels?
We will add a section on enclosures based both on this comment and one by the other referee (Hut) . We will add text indicating that we practically always used batteries due to the low power consumption.
Technical corrections
If a specific technical correction is not listed here, it is because we plan to correct it precisely as suggested by the referee and therefore had no comment to make.
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HESSD
Interactive comment
Printer-friendly version Discussion paper P. 1, Line 17 -likely also capacity challenges, especially in developing countries.
We will add, "technology that can function and be repaired in least-developed countries (Reda et al., 2017) , ..." P. 2, Line 1 -delete "extreme", and "lightweight"; lightweight is repeated again just below.
Text will be updated to: "What the field-monitoring community requires from the opensource movement is a low-power, modular, single-board data logger that is easy to use and whose code and hardware designs are well documented and freely available." Will add to abstract: "The ALog has been deployed at field sites in Colorado, Alaska, Louisiana, and Minnesota, USA; Ontario, Canada; Argentina; and Ecuador." For the introductory section, we retain, "We iterated development and field testing from 2010 to present" P. 9, Line 8 to 12 -could mention some examples of deployment in abstract, this really strengthens the ALog argument.
Thank you for this suggestion; our response to your above comment is based on these lines.
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HESSD
Interactive comment
Printer-friendly version Discussion paper P. 9, Line 26/27 -Delete this last sentence, this is not relevant to the ALog development and out of context here. Instead, you can highlight the consistent data recording over the period of a year in extreme conditions.
We will replace this sentence with: " Figure 4e contains the first five days of data from this deployment, which lasted one year." P. 10, Figure caption (e) -Better to remove 'covary' here, and highlight consistency of record-ing instead. Add start and end date of recording. Refer to paper where these data are discussed.
I think that the figure itself demonstrates the consistency of the data, and it also indicates the dates of the recordings. I now note in the main text that the station recorded for one year. I feel it might be valuable to include a bit of interpretation, as an example of a use case. These data are published only in the present work.
P. 11, Line 10 -Could make this point earlier on in introduction already, i.e. that Arduinos were originally developed/are often used for hobby electronics etc by the general public.
We will add a brief mention of this in the short introduction (to give it appropriate weight) as follows: "Hardware advances alone cannot produce an effective standalone measurement platform, so we paired our new designs with custom-built firmware libraries -built atop the popular and easy-to-use Arduino platform -and software to streamline data-logger programming." (Text between the endashes is newly proposed.) P. 11, Line 23 -"In doing so" "In so doing" is the intended phrasing.
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HESSD
Interactive comment
Printer-friendly version Discussion paper P. 13, Line 11 -user guides We will remove this phrasing and instead refer to these via their doi and reference, following the recommendation of R. Hut and, indeed, EGU policy on citation of data/code/etc. items.
P. 13, Line 12 -Supplemental
"Supplementary" is used by EGU journals, e.g., https:// www. hydrology-and-earth-system-sciences.net/ for_authors/ submit_your_manuscript.html P. 14, Line 12 -Add University, location and page numbers, also for other theses that are cited.
University is included. Strangely enough, EGU journals do not seem to include page numbers (at least not per their BibTeX style file).
measurements. However, the potential to monitor the complex environmental interactions involved in global change has not been fully realized due to the high cost and lack of modularity of commercially available data loggers. 
Introduction
Studies of complex environmental systems require high-density and widespread environmental data (Lovett et al., 2007) . Such information is necessary to establish baseline environmental conditions, track global change, and to build theory that is consistent with observations. In spite of three decades of rapid advances in measurement technology (Hirschfeld, 1985; Martinez 15 et al., 2004; Hart and Martinez, 2006; Ferdoush and Li, 2014) , most of Earth's surface still needs higher resolution monitoring in order to understand the consequences of global change and prepare for the future (Vitousek, 1994; Tauro et al., 2018) . This shortfall results primarily from instrumentation cost (Oliveira and Rodrigues, 2011) Reda et al., 2017) : , and power and data retrieval ::::::::::: data-retrieval limitations (Martinez et al., 2004; Padhy et al., 2005) .
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The growing open-source electronics movement has given scientists new tools to develop technologies for both lab and field research (Harnett, 2011; Pearce, 2012; Cressey, 2017) , including automated data loggers (Fisher, 2012; Wickert, 2014; Hicks et al., 2015 (Fisher, 2012; Wickert, 2014; Hicks et al., 2015; Hund et al., 2016; Beddows and Mallon, 2018; Hicks et al., 2019) . These innovations have led to significant advances in research and monitoring (Tauro et al., 2018 We answered this need by developing the "ALog" (Arduino Logger), a small, lightweight, and low-power data logging system that is a fraction of the cost of conventional proprietary systems :::::::::::: data-recording :::::: systems :::::::::::::::::::::::::::::::::::::::: (Wickert and Sandell, 2017; Sandell et al., 2018) . software :: to : streamline data-logger programming. We iterated development and field testing from 2010 to present, and deployed each round of prototypes in ::::: across : rugged environments, including glaciers, tundra, the high alpine, and wetlands (Wickert, 2014; Tauro et al., 2018; Saberi et al., 2018) :::::::::::::::::::::::::::::::::::::::::::: (Wickert, 2014; Tauro et al., 2018; Saberi et al., 2019 Figure : :: 1) were designed as an integrated set of hardware, software and firmware (Figure 2 ). Together, these layers of the embedded system and its interfaces enable low-power data collection.
The hardware includes a set of subsystems to manage power, data storage, timekeeping, sensor interfacing, and connections to computers (for testing, clock setting, and programming). This hardware is tightly integrated with the "ALog" firmware library To design the ALog series of data loggers, we followed the approach taken by the popular Arduino project (Barragán, 2004; Banzi and Shiloh, 2014) non-commercial use and is a de facto standard across the open-source community. We wrote the data logger software in the Wiring/Arduino variant of C++ (Barragán, 2004) , using an object-oriented framework that abstracts the low-level core components of embedded hardware programming (e.g., writing bits to registers) into intuitive functions to read, write, and NorthernWidget/ALog/tree/master/doc :::::::::::::::::: (Wickert et al., 2018a) , ::: and ::::::::: generated ::::::: reference ::::::: manual : is :::::::: included in the Supplement).
Hardware
The ALog series comprises three main data loggers ( Figure 1 16-bit :::::::::::::: analog-to-digital :::::::: converter :::::: (ADC), whereas version 2.2 uses less power and fewer components. :::: Both ::: are ::::::::: described (Buechley and Eisenberg, 2008; Cressey, 2017) to develop their own scientific data logging capabilities. It nests atop a standard Arduino board (Barragán, 2004; Banzi and Shiloh, 2014) , such as the Arduino Uno. The power consumption of this pair is too high for field deployment, but together these form a benchtop prototyping system that is compatible with the ALog firmware :::::::::::::::::: (Wickert et al., 2018a) . The Supplement contains the electrical schematics and circuit board layouts for all three data loggers.
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The ALog series of data loggers contain ::::
Each :::: data ::::: logger ::: of ::: the ::::: ALog ::::: series ::::::: contains : six critical subsystems ( Figure 2 ):
power, timekeeping, data storage, sensor interfaces, input/output (I/O), and the microcontroller core. The high-efficiency power system permits multi-year deployments on a single set of primary alkaline batteries : . unvisited ::: for ::: ≥1 :::: year :::::::::::::::::::: (Armstrong et al., 2016) . A high-accuracy real-time clock ::::: (RTC) : keeps time, regulates logging intervals, and is temperature-compensated to reduce drift to ±0.432 seconds per day :::::::::::::::::::::::::::::::::::::::::::: (firmware implementation by Ayars and Wickert, 2018) . (Wollan et al., 1998; Bogen and Wollan, 1999) .
it :: is a simple design decision, using an SD card instead of internal memory has multiple advantages. The up-to-32
Gb of data storage permitted by the open-source interface library Greiman (2016) 
+60
• C. ALog data loggers are inexpensive and accessible because they are built from standard off-the-shelf components that are available in most of the world. Further reducing total system cost and increasing versatility, the ALog's generalized 10 set of sensor interfaces allows it to read data from common and inexpensive commercially-available ::::::::::: commercially :::::::: available sensors. This sets it apart from closed-source data loggers, which are designed to interface with specific proprietary sensors.
This combination of affordability and accessibility can help to expand the reach of automated environmental observations and reduce the financial risk associated with recording data in hazardous or unsecured locations. Finally, the open-source schematics and circuit board layout assist users in diagnosing and repairing their own ALog data-logger systems. 
Firmware
We built a firmware library (see supplementary design files) that streamlines ALog programming through a modular twocomponent architecture :::::::::::::::::: (Wickert et al., 2018a) . The first is a set of utilities that manage logger core functionality. The second is a library of functions that communicate with and record data from sensors (Table 3 ). This separation prevents users from altering the code that manages core logger functions when adding or editing sensor functions. We classify this code as "firmware" 20 rather than "software" because it is uploaded to the microcontroller as a semi-permanent set of instructions that exists in pro- (Barragán, 2004; Banzi and Shiloh, 2014) . It maintains compatibility with any standard Arduino-based :::::::::::::::: Arduino-compatible : device in order to ensure that the ALog firmware can support the opensource community even in the absence of ALog hardware. This library is then imported, and its core "ALog" class instantiated, within an ALog program (Arduino "sketch") that is uploaded to the data logger.
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The core-utilities portion of the library manages its power and logging cycle, and interfaces with the user, SD card, and real-time clock :::: RTC. The firmware reduces power consumption by a factor of 150-625 from an "always-on" state (Table 1) by instructing the system to spend most of its time in a low-power "sleep" mode in which all non-essential systems are either shut down or put into low-power modes themselves. Errors during the logging cycle are caught by the watchdog timer, which reboots the ALog if it hangs and writes a time stamp to a file to help in uncovering the source of the error. The user interface 10 comprises status and sensor messages passed to the serial monitor as well as a set of status messages flashed by the LED.
The sensors component includes both private utility functions for standard operations (e.g., calculating standard deviations, solving the voltage-divider equation) and public functions that link each analog or digital sensor interface to the ALog and record data. Sensor functions are modular and written following a standard inputs-processing-outputs template. Outputs are written to the SD card as plain text ASCII data and header files, and print :::::: printed : to a serial monitor if the data logger is connected to a computer. Current support exists for a broad range of off-the-shelf sensors ( examples included with the ALog library as a guide, users write a set of instructions that prescribe which sensors should be read and how often data should be recorded (Figure 3) . This sketch is then compiled and uploaded to the ALog as firmware.
Software
Arduino sketches to program the ALog may be written and uploaded using the Arduino IDE (Banzi and Shiloh, 2014) , which evolved from Processing (Reas and Fry, 2007) and Wiring (Barragán, 2004) . The Arduino IDE contains an interface to auto-20 matically download and install the custom ALog hardware definitions files (including the appropriate bootloaders) and code libraries. It also includes a serial monitor to view communications between the ALog and the computer.
The ALog clock is set via the USB-serial connection using a digital handshake programmed within the ALog library.
Two options to set the clock are available: a command-line serial interface program written in Python ::::::::::::: (Wickert, 2017) immediately upon boot-up (see Figure 3) .
Field deployment
ALog development evolved iteratively over more than seven :::: eight years of lab design and field deployments (Figure 4 ). ALog data loggers have been deployed in the high alpine (Niwot Ridge, Colorado, USA), the high desert (Quebrada del Toro, ::::: Salta, Argentina), coastal wetlands (Wax Lake Delta, Louisiana, USA), subalpine valleys (Gordon Gulch, Colorado, USA), tropical 30 mountains ( :::::: Volcán Chimborazo, Ecuador), continental lacustrine regions (Minnesota, USA, and Ontario, Canada), and on large glaciers a ::::: large ::::: valley :::::: glacier (Kennicott Glacier, Alaska, USA) (Wickert, 2014; Armstrong et al., 2016; Tauro et al., 2018; Saberi et al., 201 If Figure 3 . Flowchart of ALog operations. This set of steps is prescribed by the firmware. Not pictured is the watchdog timer, which resets the data logger, returning it to the ""boot" :
" step, if it hangs for more than 8 seconds. (d) Look-down ultrasonic sensor as a simple stream gauge; despite the destruction of the monitoring system in a historic flood event, the data ::
file ::::::: remained ::::: saved ::: and ::::::::: uncorrupted on the SD cardwere still able to be recovered. (e) Solar radiation and wind speed covary at the station in (a); wind speed lags radiation, indicative of surface-heating-driven convective winds in this high-altitude arid environment.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: (Wickert, 2014; Armstrong et al., 2016; Tauro et al., 2018; Saberi et al., 2019) : . ::::: Field :::::::::: deployments ::::::: ranged :::: from :: a ::: few ::::: days :: to ::::
three ::::: years. During these deployments, the ALog recorded data from weather stations, glacier ablation ::::::::::::: glacier-ablation : monitoring stations, thermistors, stream gauges, soil moisture probes, pressure transducers for water levels in wells, subsurface temperature profilers, and frost-heave gauges; :::: Table : : 3 ::::::: contains : a full list of sensors for which firmware has been developed is in Table 3 ::: and ::::::: included :: in ::: the :::::: ALog ::::: library ::::::::::::::::::: (Wickert et al., 2018a ). These field deployments tested the ALog data logger in 5 humid and dry environments, onshore and offshore, and in temperatures that ranged from −30
:::
The Frenierre (2014) and La Frenierre and Mark (2017) . In the first deployment, we measure weather conditions; in the second, we measure glacier ablation and its drivers. In both cases, the ability of the ALog to communicate with multiple sensors from different manufacturers allows these stations to record relevant data to better understand mountain hydrology in 5 the glacierized Andes.
On the arid eastern side of Volcán Chimborazo, we installed an ALog BottleLogger connected to sensors for wind speed (Inspeed Vortex anemometer), wind direction (Inspeed e-Vane), and solar radiation (Kipp and Zonen CMP3 pyranometer linked with our in-house-designed instrumentation amplifier). We affixed these sensors and the ALog BottleLogger to an existing structure that was used to measure rainfall and temperature using a proprietary data-logging system (Figure 4a) We installed a prototype automated ablation stake on Reschreiter Glacier on the more humid eastern flank of Volcán Chimborazo ( Figure 4b ). We designed this automated stake to measure both the atmospheric factors that drive snow and ice ablation 15 and the amount of snow and/or ice melt that occurs. Atmospheric variables include temperature (Figure 5b ), measured using a CanTherm epoxy-embedded thermistor paired with a reference resistor, and humidity, measured with a TE Connectivity HM1500LF sensor; both of these sit within a solar radiation shield :::::: ( Figure : ::: 5b). Distance to the snow and ice surface is measured using a MaxBotix ultrasonic rangefinder (Figure 5a ) (see Wickert, 2014) , which is paired with a digital inclinometer to check and correct for station tilt as the ablation stake gradually melts out of the snow and/or ice ( Figure 5a ). This station,
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here programmed to record data every five minutes, dramatically increases ablation data density beyond traditional methods, which incorporate daily to weekly field surveys of snow and/or ice surface elevation change around ablation stakes. Furthermore, by including on-stake temperature measurements, we are able to compute at-stake melt factors for degree-day melt models, which are significant for both glaciological and water resources research (Saberi et al., 2018) (Saberi et al., 2019) .
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Discussion
The paradigm of global change research has been one of scientists studying, reporting, predicting, and communicating how human activities impact the environment (Syvitski et al., 2009; Foley et al., 2011; Pelletier et al., 2015; Tauro et al., 2018) , :::::
ideally : followed by the broader public responding with plans to better manage Earth's environment and natural resources. In order to develop the ALog, we reversed this flow of information by drawing on open-source hardware, firmware, and soft-
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ware designs from the public to develop a scientific tool (Cressey, 2017) . The open-source electronics movement movement has grown rapidly as part of the "maker revolution", in which individuals develop new technology and share their designs (Anderson, 2012; Buechley et al., 2008; Libow Martinez and Stager, 2013; Hut et al., 2016) :::::::::::::::::::::::::::::::::::::: (Buechley et al., 2008; Anderson, 2012 ; Libow The roll-over indicates the point at which the ablation stake tilt begins to dominate the signal, and until this point, ablation (i.e., increasing distance) generally tracks the positive-degree-day line.
. We predict that building atop a broad and popular base platform will increase public accessibility to and interest in scientific measurements, and improve the support for and longevity of the data logger technology.
The ALog is part of a community of open-source tools for scientific research (Harnett, 2011; Pearce, 2012; Cressey, 2017 ) that includes both sensors (Keeler and Brugger, 2012; Barnard et al., 2014; Fatehnia et al., 2016; Hut et al., 2016) and automated data loggers (Fisher, 2012; Hund et al., 2016; Beddows and Mallon, 2018) . Of these, the ALog BottleLog-5 ger designs have the lowest power consumption (Table 1) . Their screw terminals easily communicate with any sensor via multiple methods of analog and digital communication, and their fully integrated and documented firmware (Figure 2 ) reduces end-user coding to a few lines. These features have been included individually in other firmware and hardware designs (Aufdenkampe et al., 2017; Hund et al., 2016) ::::::::::::::::::::::::::::::::::::::::::::::::::::::: (Hund et al., 2016; Aufdenkampe et al., 2017; Damiano et al., 2019) , but the ALog incorporates all of these into a single streamlined system. All hardware schematics and software are regularly updated and avail-10 able from GitHub in formats that can be read by free software. These design decisions are essential to building a broad and active user base that can work collectively to increase environmental monitoring across the globe using high-quality opensource technologies.
Conclusions
We developed the "ALog " 
